Introduction cellular and regional specificities in the vertebrate nervous system, we tried to produce zebrafish embryos in The nervous system is composed of neurons with vast which the activities of Islet-3, a member of the Islet-1 diversity, and their identities are defined by the comfamily, are functionally repressed (Tokumoto et al., binatorial expression of multiple transcription factors 1995) . Unlike the other members of the Islet-1 family, (reviewed by Bang and Goulding, 1996; Daston and Islet-3 mRNA is initially expressed ubiquitously in zebra- Koester, 1996; Doe and Skeath, 1996) . The LIM/homeofish embryos and gradually restricted to the eyes and domain-type transcription factors are one important the presumptive tectal region of the mesencephalon in family of proteins in this process. These homeodomainthe central nervous system between 20 hr and 24 hr, containing proteins are characterized by an N-terminal suggesting its involvement in the regional specification tandem repeat of two cysteine-rich metal-binding doof the brain (Tokumoto et al., 1995) . In this article, we report that the protein (LIM ) consisting only of the LIM mains (LIM domains) (reviewed by Sá nchez-García and domains of Islet-3 acts as a dominant-negative variant Results of Islet-3 in zebrafish embryos. Overexpression of LIM in embryos specifically prevented formation of the optic Neural Islet-3 Expression Dynamically Changes and Is Ultimately Restricted to the Eyes and vesicles, severely impaired morphogenetic movement in the mesencephalic region between 20 and 24 hr, and the Tectal Primordium of the Mesencephalon During the cleavage period, maternal Islet-3 mRNA is ultimately resulted in hypoplasia of the cerebellar primordium in the mesencephalic-metencephalic (mesdetected in all cells ( Figure 1A ). Initial Islet-3 mRNA is lost by the end of epiboly, and zygotic Islet-3 transcripts met) boundary. Such defects were rescued by coexpression of an excessive amount of full-length Islet-3, start to accumulate again from the anterior neural plate ( Figure 1B ) and spread caudally to the entire neural suggesting that LIM acted as a specific dominantnegative variant of Islet-3 by competing for activating tissue around the end of the epiboly (10 hr) ( Figure 1C ). Islet-3 mRNA once disappears completely around 11 molecules. Further mosaic analyses and changes in the expression patterns of the genes essential for normal hr ( Figure 1D ) and then soon reaccumulates by 12 hr ubiquitously in the brain, just when the optic vesicles development of the mes and met region suggest that Islet-3 promotes optic vesicle formation by cell-autonostart to be formed ( Figure 1E ). From 19 hr on, while the mes and met region is transforming into the tectal and mous involvement and reciprocal interaction between the mesencephalon and the mes-met boundary essencerebellar primordia as will be described below, the expression in the optic vesicles and the mesencephalon tial for normal differentiation of these regions by maintaining a secretion level of the wnt1 gene product in the gradully increases, whereas the expression in the rest of the brain is reduced (Figures 1F and 1G) . By around mesencephalon. 24 hr, the expression is almost completely restricted were present in the normal embryos (indicated by arrows in Figures 2B and 2D ). The remaining structures of the to the eyes and the presumptive tectal region of the body, such as the array of chevron-shaped somites, mesencephalon as previously reported (Tokumoto et al., were indistinguishable between the injected and the nor-1995), leaving expression in the rest of the brain only mal embryos. This was also confirmed by comparison faintly higher than the background level ( Figure 1H ).
of pax2 mRNA expression ( Figures 5A, 5D , 7I, and 7L) (Krauss et al., 1991a (Krauss et al., , 1991b Mikkola et al., 1992 ; Pü schel Overexpression of LIM Isl-3 Results in Embryos et al., 1992a) in the mes-met boundary, the otic vesicles, Lacking the Optic Vesicles the dorsal commissural neurons in the spinal cord, and A candidate for a dominant-negative variant of Islet-3 the pronephros. was designed based on the previous observation that Despite absence of the optic vesicles, the lens placthe LIM domains of LIM/homeodomain proteins prevent odes, which were recognized as a pax6-positive semicirthe homeodomain from binding to target DNA secular thickening of the ectoderm, formed normally (data quences in vitro and in vivo, and that deletion of the not shown) and further differentiated into lentoid tissues LIM domains can increase activity of the homeodomain ( Figure 3A ) located on both sides of the diencephalon. (Sá nchez-García et al., 1993 : Xue et al., 1993 Pax6 mRNA was also expressed in the diencephalon al., 1994). These data, combined with the observation and the olfactory placodes (not indicated) both in the that LIM domains can also function as specific adapter normal ( Figure 3B ) and injected 24 hr embryos as deelements to promote assembly of multiprotein comscribed previously (Krauss et al., 1991a (Krauss et al., , 1991c ; Pü schel plexes (Schmeichel and Beckerle, 1994; Arber and Caret al., 1992b) . A monoclonal antibody (Sawada et al., oni, 1996) , have led to a model in which the LIM domains 1993) originally raised against chick ␣B-crystallin renegatively regulate the homeodomain function, and acted intensely with the lens fiber layer and weakly with such an inhibition is removed in vivo by binding of actithe lens epithelium layer in the 28 hr normal embryo vating protein to the LIM domain ( Figure 9A , left bottom) ( Figure 3D ). The lentoid tissue in the 28 hr injected em- (Dawid et al., 1995) . In support of this model, Agulnick bryo also reacted with this antibody ( Figure 3C ). et al. (1996) In the injected embryo ( Figure 3E ), expression of endogout putative activating molecules ( Figure 9A , right enous Islet-3 mRNA was detected in the presumptive bottom).
tectal region of the mesencephalon as in the normal At 14 hr, the zebrafish embryos injected at the oneembryo and in the abnormal bulges abutting the forecell stage with mRNA encoding LIM Isl-3 were completely brain bilaterally. These Islet-3-positive rudimentary lateral evaginations in the rostral forebrain suggest that devoid of the optic vesicles (Figures 2A and 2C ), which some initial steps toward optic vesicle evagination occurred even in the injected embryos.
The Mes and Met Region of the Injected Embryo Shows Severely Impaired Morphogenetic Movement and Hypoplasia of the Cerebellar Primordium
In the normal embryo, the tissues in the mes and met region undergo dynamic morphogenetic movement between 20 hr and 26 hr. The mesencephalon widens by bilateral shifts of the dorsal tissues (alar plates), opening a transient ventricular space medially, as demonstrated by comparing Figures 1F and 4C . The alar plates then start to thicken inwardly to occupy the dorsomedial ventricular space again, giving rise to the tectal primordium ( Figure 4D ). This movement of the mesencephalic tissues is accompanied by transformation of the dorsal tissues in the mes-met boundary into a constriction, the isthmus, consisting of folded neural tissues (Figures 4C and 4D) . These folds constitute the cerebellar primordium. The stripe expressing pax2 mRNA demarcates the caudal border of the laterally shifting mesencephalic tissues ( Figure 5E ) and is ultimately incorporated into the rostromedial part of the cerebellar primordium in the mes-met boundary ( Figure 5F ) (Krauss et al., 1991a (Krauss et al., , 1991b Mikkola et al., 1992; Pü schel et al., 1992a) .
In the 24 hr injected embryos overexpressing LIM Isl-3 , expression of pax2 mRNA in the mes-met boundary was completely lost, while the expression in other tissues remained intact ( Figure 5B ). The dorsal mesencephalic tissue did not show such morphogenetic movement as observed in the normal embryo, and the isthmic fold was not formed in the mes-met boundary (Figures 4A and 4B) . In the live injected embryos, the dorsal tissue in the mes-met boundary contained pyknotic dead cells around 32 hr ( Figure 4E ) and remained only as a rudimentary swelling attached to the caudal edge of the mesencephalon at 48 hr ( Figure 4F ). As a result, the injected embryo lacked the cerebellar primordium almost completely.
Despite prominent hypoplasia of the cerebellar primordium, immunostaining of the injected embryo with anti-acetylated ␣-tubulin antibody revealed the normal axonal scaffolds in the ventral tissues of the mes-met boundary. In the normal 30 hr embryo, the neurons referred to as the cerebellar neurons are present at the peduncle of the isthmic fold and project axons ventrally were all normally observed in the injected embryo (Fig- Pax6 mRNA was expressed in the diencephalon (dc), the eyes (optic ure 5G).
vesicles and the lenses) (ey), and the olfactory placodes (not indicated). (C) A 28 hr injected embryo stained with a monoclonal antibody (2D2B6) originally raised against chick ␣B-crystallin. The lentoid tissue (arrowhead) was stained with this antibody. by arrowheads. In the left bottom inset, a focus was made more (D) A 28 hr normal embryo stained with 2D2B6. This antibody stained ventrally to show the left lens placode of the same embryo. the lens fiber layer (lf) more intensely than the lens epithelium (F) Expression of endogenous Islet-3 mRNA in the normal 24 hr layer (le).
embryo. Endogenous Islet-3 mRNA was detected in the eyes (ey) (E) Expression of endogenous Islet-3 mRNA in the 24 hr injected and the tectal region of the mesencephalon (tm) in the central nerembryo. It was detected in the presumptive tectal region (tm) of vous system exactly as shown in Figure 1H . Coexpression of Full-Length Islet-3 mRNA for both LIM Isl-3 and normal Islet-3, while rescue was not achieved by coinjection of mRNA for LIM and Rescues Morphological Defects Among other LIM/homeodomain proteins, the LIM dofull-length Islet-1 (Table 1 ). These data demonstrate that LIM Isl-3 functions as a specific antagonist against Islet-3 mains of Islet-1 and Islet-2 scored the highest degree of identity (82% and 92%, respectively) to the LIM doactivity and strongly supports that Islet-3 mediates normal development of the optic vesicles and the mes and mains of Islet-3 at the amino acid sequence level (Tokumoto et al., 1995) . While overexpression of the LIM domet region. mains of Islet-2 had identical effects on the development of the optic vesicles and the mes and met region as Phenotypic Defect of Cells Overexpressing LIM Is Rescued by Mixing with Normal Cells overexpression of LIM Isl-3 (data not shown), overexpression of the LIM domains (LIM Isl-1 ) of Islet-1 had markedly in the Mes and Met Region but Not in the Optic Vesicles weaker effects on development of the optic vesicles and no effect on differentiation of the mes and met region
In normal development of the optic vesicles and the mes and met region, both interactions among and mech- (Table 1) , suggesting a significant specificity of LIM on the phenotypic defects of the injected embryos.
anisms autonomous to the cells constituting these tissues could play important roles. To examine how Islet-3 To exclude a possibility that LIM Isl-3 caused defects by functional repression of proteins other than Islet-3, is involved in differentiation of these tissues, we made mosaic embryos by isochronically transplanting the we examined whether the defects in the optic vesicles and the mes and met region could be rescued by coexblastodermal cells overexpressing LIM Isl-3 into the normal blastoderm. pression of an excessive amount of normal full-length Islet-3. Development of both optic vesicles and mes and
Of the surviving mosaic embryos that had received the cells expressing both ␤-galactosidase and LIM , met region recovered in the embryos coinjected with 11 incorporated the progeny of the transplanted cells in pattern of wnt1 mRNA in the mesencephalon transforms into a characteristic T shape with two bilateral stripes the head region. These cells were completely excluded from the optic vesicles in 10 of these embryos (Figure near the caudal mesencephalic edge and one at the dorsal midline ( Figure 7J ) (Molven et al., 1991; Kelly 6A) . In only one embryo, a large patch of ␤-galactosidase-positive cells covered the region that would norand . Eng2 mRNA is expressed in bilateral triangles covering the mes and met region ( Figure 7K ) mally correspond to the right optic vesicle, and these cells had severely disrupted optic vesicle structure (data (Hatta et al., 1991; Ekker et al., 1992; Fjose et al., 1992) . Pax2 mRNA is restricted to the stripe in the mes-met not shown). In contrast, the transplanted cells were intermingled with the normal host cells in the normally boundary as described above ( Figures 5D and 7L ) (Krauss et al., 1991b; Mikkola et al., 1992 ; Pü schel et differentiated mes and met region of all these mosaic embryos.
al., 1992a). Expression of all three genes appeared normal in the When the cells expressing ␤-galactosidase alone were transplanted, seven embryos incorporated the mes and met region of the injected embryos at 10 hr ( Figures 7A-7C ). At 14 hr, mesencephalic wnt1 expresprogeny of the transplanted cells in the head region. The progeny cells were also incorporated in all but 1 sion was significantly down-regulated ( Figure 7G ), and the eng2 expression level was slightly reduced ( Figure  (13 of 14) of the optic vesicles and in the mes and met region of all of the embryos ( Figure 6B ). 7H), while pax2 expression in the mes-met boundary was normal ( Figures 5A and 7I) . By 20 hr, expression of wnt1, eng2, and pax2 in the mes and met region was Gene Expression Specific to the Mes and Met Region Prematurely Terminates in the completely lost except for expression of wnt1 along the dorsal midline ( Figures 8A, 8C , and 8E). In contrast, their Injected Embryos To examine whether anomaly at the gene expression expression in the rest of the body remained intact, e.g., wnt1 expression along the dorsal midline of the hindlevel precedes various mophological abnormalities in the mes and met region of the injected embryo, we brain and the spinal cord ( Figures 8A and 8B) ; eng2 expression in the muscle pioneers ( Figures 8C and 8D) ; examined the expression pattern of the wnt1 gene as well as the pax2 and engrailed2 (eng2) genes, all of and pax2 expression in the presumptive optic stalks, the otic vesicles, the dorsal commissural neurons in the which are expressed in the mes and met region and are essential for normal development of this region.
spinal cord, and the pronephros ( Figures 8E and 8F ). In normal embryos, wnt1 and eng2 mRNA expression appears between 8 hr and 9 hr in the overlapping region Discussion in the presumptive mes-met boundary where pax2 mRNA expression has already started in a chevron Specificity of LIM
Isl-3
Overexpression of LIM Isl-3 in developing zebrafish emshape ( Figures 7D-7F) (Krauss et al., 1991b; Fjose et al., 1992; Kelly and Moon, 1995) . By 14 hr, the expression bryos caused specific defects in the formation of the (D-F) pax2 expression in the 14 hr, 24 hr, and 30 hr normal embryos, respectively. The pax2-positive stripe (stars) in the mes-met boundary demarcated the caudal border of the laterally shifting mesencephalic tissues in (E) and was incorporated in the rostromedial region of the cerebellar primordium in (F). os, optic stalk; ov, otic vesicle; and cn, commissural neurons. Dorsal views with anterior to the top. #1 Overexpression of Islet-1 or Islet-3 at this high dose caused embryos truncation or bend of the body but no abnormality in development of the eyes and the mes and met region. #2 The average diameter of the eyes was reduced to 85% of the normal size. #3 Of these embryos, four had truncated bodies, and six had a bend in the tail. #4 Of these embryos, 18 had truncated bodies, and 5 had a bend in the tail. #5 Embryos without organized body structures.
optic vesicles and in the morphogenetic movements of the Drosophila homeobox-containing gene sine oculis, is also expressed in the optic vesicles (Oliver et al., the mesencephalon and the mes-met boundary. Our observation that these defects were induced by overex-1995). The relationship of Islet-3 with the products of these genes remains to be determined. pression of LIM but not of LIM Isl-1 and that they were rescued by coexpression of full-length Islet-3 demonstrated that repression of Islet-3 function rather than A Role for Islet-3 in Mesencephalic and Cerebellar Development nonspecific inhibition of other proteins was the cause of these defects.
Unlike the optic vesicles, both mesencephalon and mes-met boundary in the mosaic embryos incorporated the cells overexpressing LIM Isl-3 . This indicated that the A Role for Islet-3 in Ocular Development Presence of Islet-3-positive rudimentary lateral evaginneighboring normal cells in these regions could rescue the phenotypic defect of the cells overexpressing LIM Isl-3 , ations in the forebrain of the injected embryo indicates that some degree of eye specification and differentiation suggesting a possibility that LIM Isl-3 may interfere with levels of expression of a secreted signaling molecule may occur and that the primary defect lies in optic vesicle evagination, suggesting that Islet-3 functions in this that is essential for normal differentiation of these regions but not impair the reception of the signal. In supprocess of eye formation.
When the optic vesicles evaginate, tissues outside port of this hypothesis, expression of the wnt1 gene, which encodes a secreted signaling molecule, is signifithe optic vesicles are also expressing Islet-3 mRNA, although Islet-3 mRNA becomes restricted to the opcantly down-regulated in the injected embryos 4-6 hr before disappearance of other mesencephalic genes tic vesicles by 24 hr. However, complete exclusion of LIM -expressing cells from the optic vesicles in the such as eng2 and pax2, suggesting that Islet-3 is essential for maintenance of the wnt1 gene expression. mosaic embryos suggests that autonomous expression of Islet-3 in the optic vesicle cells is essential for normal Initiation and maintenance of expression of the genes homologous to wnt1, pax2, and eng2 have been shown development of the optic vesicles, and that Islet-3 may impart the optic vesicle cells with a surface property to be essential for normal development of the mes and met region in various vertebrates (reviewed by Ballythat is distinctive from the rest of the brain.
Despite the absence of the optic vesicles, lenses Cuif and Wassef, 1995; Joyner, 1996) . The zebrafish embryos overexpressing LIM Isl-3 phenotypically resemformed. In Xenopus laevis, lens formation from the ectoderm proceeds to some extent even in the absence of ble the mouse embryos homozygously carrying a mild Wnt1 mutant allele, swaying, which selectively deletes contact with the optic vesicle (Henry and Grainger, 1990 ; reviewed by Jacobson and Sater, 1988; Grainger, 1992) . the cerebellum while leaving the midbrain relatively intact in morphology (Thomas et al., 1991 ; Bally-Cuif et al., Our result is consistent with this observation. A possibility remains, however, that the Islet-3-positive rudimen-1995). Functional repression of Pax2 protein by specific antibody in zebrafish embryos also caused down-regutary lateral evaginations in the forebrain may release some signal capable of inducing lentoid formation, since lation of pax2, eng2, and wnt1 and a localized malformation of the mes-met boundary similar to that observed in the lens placodes were often observed to form in the vicinity of these structures as shown in Figure 3E .
the LIM Isl-3 -overexpressing embryos . Both vertical and planar induction by the underlying Other transcription factors have been known to be critically involved in the eye formation. Down-regulation mesoderm and the organizer, respectively, account for normal activation of these genes (Hemmati-Brivanlou et of the pax6 gene causes reduction in the size of the eyes in mice (Hill et al., 1991) and zebrafish (Ekker et al., al., 1990 ; Ruiz i Altaba, 1992; Doniach et al., 1992; Ang and Rossant, 1993; Miyagawa et al., 1996) . Our observa-1995; Macdonald et al., 1995) . Six3, a mouse homolog of tion that all these genes start to be expressed around neighboring host tissue and transformed it into an ectopic midbrain (Bally-Cuif and Wassef, 1994; Marin and the presumptive mes-met boundary in the right spatiotemporal manners indicates that the initial activation of Puelles, 1994) , suggesting that the mes-met boundary induces mesencephalic differentiation. Recent data these genes is not impaired in the injected embryos. Existence of time lag between the termination of wnt1 have suggested that FGF8 intrinsically expressed in the mes-met boundary may act as a signaling molecule expression and that of eng2 and pax2 suggests that the anterior mesoderm may maintain activity to induce eng2 mediating this induction (Crossley et al., 1996) . Presence of inductive signaling in the opposite direction, i.e., from and pax2 expression during this period.
For maintaining expression of these genes later in the mesencephalon to the mes-met boundary, has also been suggested. Although Wnt1 is not expressed in the development, reciprocal interaction between the mesencephalon and the mes-met boundary plays an impormes-met boundary in normal mouse development, Wnt1 mutant mice lack, both of the midbrain and the cerebeltant role. The mes-met boundary tissue transplanted in the caudal forebrain induced Wnt1 expression in the lum, a derivative of the mes-met boundary (McMahon In the injected embryo, dead cells were observed around 32 hr in the mes-met boundary tissue, which should normally give rise to the cerebellar primordium. This tissue remained as a rudimentary swelling attached to the caudal edge of the mesencephalon at 48 hr. Although more quantitative analysis is required to examine whether cell death could solely account for the prominent hypoplasia of the mes-met boundary tissue, these abnormalites may reflect lack of a putative mesencephalic signal in the injected embryos, which would normally exert trophic effects on the cells in the mes-met boundary.
In normal mouse embryos, all spinal motoneurons initially express Islet-1, but the nearby En1-positive interneurons do not. Mice that are homozygously deficient for the Islet-1 gene lack not only motoneurons but also the En1-positive interneurons (Pfaff et al., 1996) . Differentiation of these interneurons in the explant from the spinal cord of the mutant embryos is rescued by contact with the wild-type spinal tissue containing motoneurons. These data suggest that motoneurons release a signal that induces differentiation of En1-positive interneurons. Such an interaction of one tissue expressing the Islet-1 family with another expressing the En family presents a situation similar to what we have observed for Islet-3 ( Agulnick et al., 1996) , cofactors specific to Islet-3 have not been identified. Pleiotropic functions of Islet-3 as and Bradley, 1990; Thomas and Capecchi, 1990; McMa- deduced in this paper may be achieved by binding of hon et al., 1992) . In such mice, En1 expression is initiated different activating molecules. Some LIM/homeodomain normally but is lost later, demostrating that Wnt1 expresproteins have been shown to interact with other transion in the mesencephalon is necessary for the maintescription factors of various classes (German et al., 1992 ; nance of the En1 expression. Recent data have further Xue et al., 1993) . Other homeodomain-type transcription suggested that the signaling mediated by Wnt1 regufactors are also known to bind each other, e.g., Ftz with lates development of the mes and met region mainly Paired (Copeland et al., 1996) and Ubx with Exd (van by activating En transcription, and that En protein then Dijk and Murre, 1994; Chan et al., 1994) . Multiprotein activates a putative mesencephalic signal that promotes complexes composed of these transcription factors normal development of the mesencephalon and the show a synergistic increase in affinity and specificity for mes-met boundary (Danielian and McMahon, 1996) . target DNA sequences, compared to the case when Islet-3 expression becomes restricted to the prefactors act individually. Therefore, complex formation sumptive tectal region of the mesencephalon as the mes by multiple transcription factors may have been adopted and met region transforms into the tectal and cerebellar in evolution as efficient means to increase diversity in primordia. Taking this characteristic expression pattern regulatory machinery for activating different sets of into consideration, we putatively fit Islet-3 in the pergenes (reviewed by Lamb and McKnight, 1991) . Comspective of the aforementioned reciprocal interaction as plex formation may also help specific gene activation the following (also as illustrated in Figure 9B ), i.e., only in the restricted region where expression of difmay function either in conditioning the mesencephalic ferent transcription factors is overlapping. LIM/homeotissue to be capable of expressing wnt1 in response to domain proteins may likewise mediate formation of the FGF8 signal emanating from the mes-met boundary transcriptional multiprotein complexes through LIM door more directly in transduction of the FGF8 signal within mains and thus contribute to increasing the complexity the mesencephalic cells to maintain the wnt1 gene exof the nervous system. In this respect, the identification pression. We futher speculate that the severe impairof putative activating molecules of Islet-3 would faciliment of morphogenetic movement in the mes and met tate elucidation of the molecular mechanisms underlyregion of the injected embryo was caused by disruption of this reciprocal interaction.
ing the regional or cellular specification in the brain.
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